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Abstract
Subject to the unique physical setting of northwestern China (NW China), precipita-
tion in the region is characterized by salient regional differences. Yet, the long-term
regional precipitation disparity in NW China still remains insufficiently-explored. In the
present study, we base on historical documentation to reconstruct the precipitation5
indices of two macro regions in NW China between AD580–1979 to address the fol-
lowing issues: (1) determine the multi-decadal to centennial regional precipitation dis-
parity in NW China, a topic which has not been systematically examined in previous
paleo-climate/paleo-environment studies; and (2) find the major driving forces behind
it. Wavelet analysis, which is ideal for analyzing non-stationary systems, is applied.10
Our results show that there is significant regional discrepancy of precipitation change
in NW China over extended period. Although there is significant association between
the regional precipitation disparity in NW China and various modes of atmospheric cir-
culation, the association is characterized by a regime shift during the transition from
the Medieval Warm Period to the Little Ice Age. Most importantly, the low-frequency15
cycle of the El Niño–Southern Oscillation is found to be the most prominent pace-
maker of regional precipitation disparity in NW China at the multi-decadal to centennial
timescales. Our findings help to demonstrate which atmospheric circulation is primarily
responsible for the long-term regional precipitation disparity in NW China, which may
have important implications for water resource management in NW China in the near20
future.
1 Introduction
Northwestern China (NW China) includes the autonomous regions of Xinjiang and
Ningxia and the provinces of Sha’anxi, Gansu, and Qinghai. The total area of the re-
gion is 3.09million km2, comprising approximately one-third of China’s land area. Arid25
regions occupy a vast area in NW China, where the mean annual rainfall is less than
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250mm. Within the region, annual precipitation in the western plains is in the range
of 50 to 150mm, and less than 25mm in the Taklimakan Desert. Annual evaporation,
however, is more than 1400mm on average, and about 2000 to 3000mm in the desert
areas. Because of the arid climate, only a small portion of the total area in the re-
gion is used for farm production (∼ 0.13million km2). Irrigated farmlands are located5
primarily in Ningxia Plain, Hexi Corridor Region in Gansu and the northern oasis area
of Xinjiang. In other parts of this region, most of the cultivated area is rain-fed, with
scattered irrigated areas (Deng et al., 2005). Precipitation has been a limiting factor for
the economy and society in NW China (Yuan, 1994). In terms of physical productivity
and socioeconomic capability to adapt, NW China is the region in China with the high-10
est agricultural vulnerability (Lin, 1996). Scientific studies that examine the long-term
(i.e., multi-decadal to centennial) dynamics of precipitation in NW China have received
special attention in the last two decades, because the dynamics at these timescales
are vital for predicting the future societal impacts brought by precipitation change.
One difficulty in understanding and predicting regional precipitation variability lies in15
the short instrumental precipitation records in NW China. Meteorological records only
begin in the AD1950s. Fortunately, there are several high-resolution reconstructions
based on historical documentary records (Tan et al., 2008; Yan et al., 1993), cave
speleothems (Tan et al., 2011a; Zhang et al., 2008; Cai et al., 2010), and tree-ring
chronologies (Li et al., 2006, 2007; Fang et al., 2009b, a, 2012; Yang et al., 2014;20
Sheppard et al., 2004) to address the long-term dynamics of precipitation/moisture
change in NW China. The above studies help to unveil the complex climate dynamics
in different parts of NW China over extended periods. At the same time, the associated
reconstructions enable us to place recent climatic conditions in a long-term context of
climate change and allow us to evaluate the sensitivity of recent climate changes to25
natural or anthropogenic forces. Nevertheless, the inherent limitation of those recon-
structions is that they are based on proxy records from single localities. For exam-
ple, cave speleothems and tree-ring chronologies are only available at specific sites.
Given that the geographical distributions of proxies strongly affects the reconstructions
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(Zhang et al., 2010; Timm and Ruprecht, 2004), the validity of those reconstructions’
findings may be confined to specific places of NW China only. It is worth mentioning
that NW China sits at the present-day northern limit of the Asian Summer Monsoon
(ASM) (Fig. 1). The areas south and north of the ASM limit are characterized by differ-
ent climatic conditions (Chen et al., 2008, 2010). The hydrological balance and effective5
moisture of the region is controlled by the interactions of three planetary-scale atmo-
spheric circulations: ASM, Winter Monsoon, and Westerlies (Zhao, 1986; Tan et al.,
2008). Subject to this unique geographic setting, precipitation in NW China is char-
acterized by salient regional differences. This inherent spatial heterogeneity makes it
impossible to apply generalizations about the precipitation regime of any single locality10
to other parts of NW China.
In the present study, we seek to: (1) discover the long-term (i.e., multi-decadal to
centennial) regional precipitation disparity in NW China, a topic that has not been sys-
tematically examined in previous paleo-climate/paleo-environment studies, (2) find the
major driving forces behind it.15
2 Data and method
2.1 Reconstruction of paleo-precipitation
In the present study, we base on historical documentation to reconstruct the paleo-
precipitation of NW China. Generally speaking, Chinese historical documents are ac-
curate in chronology and unambiguous in their description of dry/wet and warm/cold20
conditions (Zhang et al., 2010). Historical records can be an accurate source of data in
locating disaster events in a long time span, particularly when the events are recorded
on an annual basis (Chu et al., 2008). They represent a wide spectrum of climate vari-
ability, encompassing annual to centennial timescale evidence of past changes.
Yuan (1994) compiled and tabulated a detailed inventory of natural disasters for NW25
China, Disaster History of Northwestern China, spanning AD580–1979, which provides
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the required data (i.e., flood and drought disasters) for precipitation reconstruction.
In his compilation, Yuan (1994) relied on a careful survey of 685 volumes of various
official dynastic histories, local chronicles, and instrumental data from local meteoro-
logical stations to tabulate flood and drought disasters for two macro regions, namely
Gan-Ning-Qing Region (GNQR, including Gansu, Ningxia, and eastern Qinghai) and5
Sha’anxi. The two regions cover more the 50% of the inhabited area in NW China
(Lin, 1996). Yuan’s (1994) dataset is in printed copy, which is believed to be one of
the most accurate and comprehensive historical flood and drought disaster datasets
for NW China. We cross-checked his records with the original historical documents as
far as possible, and no errors are found. We have also applied the same dataset in10
our previous studies (see Lee and Zhang, 2010, 2011, 2012). Hence, it is employed
to reconstruct the paleo-precipitation of NW China. Corresponding to Yuan’s (1994)
dataset, our study area is delimited to the GNQR and Sha’anxi (Fig. 1) and our study
time span is delimited to AD580–1979.
Although historical climate records have accurate dates and clear climatic informa-15
tion, they are usually qualitative descriptions. They need to be parameterized prior to
quantitative analysis. In reference to previous studies (Jiang et al., 2005; Tan et al.,
2008), we employ Yuan’s (1994) historical drought/flood records to reconstruct Precip-
itation Indices for the GNQR (PIGNQR) and Sha’anxi (PISha’anxi), respectively (Fig. 2a
and b). The PIs of the two regions are derived from the following formula:20
PI = 2(F −D)/(F +D) (1)
where F and D represent the decadal frequencies of flood and drought, respectively.
The index is in decadal units. If the occurrence of flood and drought events is equal,
PI = 0 (also if no flood and drought events are measured); if the climate is wet or dry,25
PI is > 1 or < 1. To control the possible trend of historical documents in recording mi-
nor events in a later period, only those floods and droughts which affect > 10% of the
total area of the GNQR/Sha’anxi in a year will be considered. The calculation of af-
fected area is based on the following principle: each of the regions is broken down into
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a number of geographic units, with spatial weighting assigned to each geographic unit
according to its land area (see Tables S1 and S2 in Supplement for the spatial weight-
ings employed). The flood/drought disaster of each region will be quantified on a yearly
basis by summing up the spatial weightings of the affected regions. If flood/drought
affected only part of a geographic unit, half of the geographic unit’s weighting would5
be applied. If a county in a geographic unit was in drought, one mark would also be
given. This method has been employed in our previous studies (see Lee and Zhang,
2010, 2011, 2012). Usually, the resulting index values will be further converted to five
grades according to some threshold values. However, this practice may sacrifice some
signals embedded in time series. Therefore, we skip this step when reconstructing the10
precipitation indices.
We also compare our PIGNQR and PISha’anxi with Tan et al.’s (2011b) north central
China decadal precipitation index to check whether they contain any significant dat-
ing errors. Tan et al.’s (2011b) index is synthesized by high-resolution precisely-dated
stalagmite records and historical document records. It is chosen as our reference time-15
series because it overlaps with our entire study timespan and covers part of GNQR
and part of Sha’anxi at the same time. As indicated by our statistical test results, no
significant dating errors are found (see Robustness Test in Supplement). The full re-
constructions of PIGNQR and PISha’anxi are given in Table S3 in Supplement.
Geographically, the GNQR is influenced more by the Westerlies, while Sha’anxi is20
influenced more by Asian Summer Monsoon. The two regions are under different cli-
matic regimes. PIGNQR and PISha’anxi will be compared to spot the regional precipitation
disparity in NW China. At the same time, in reference to Osborn and Briffa (2006), we
employ the following formula to compose an index to quantify the regional precipitation
disparity in NW China (RPD, see Fig. 2c):25
RPD = PIGNQR −PISha’anxi (2)
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2.2 Atmospheric circulation data
Atmospheric circulations play an important role in modulating hydro-climatic changes
in East Asia. Recent studies also demonstrate the effect of various atmospheric cir-
culations in driving pluvial events in different localities of NW China (Lee and Zhang,
2011, 2010; Tan et al., 2008, 2011b; Li et al., 2006, 2007; Fang et al., 2009b, a, 2012;5
Cai et al., 2010). In this study, we take a step forward to investigate whether long-
term regional precipitation disparity in NW China (if any) is also attributable to some
major atmospheric circulations such as Asian Summer Monsoon (ASM), Artic Oscilla-
tion (AO), Pacific Decadal Oscillation (PDO), North Atlantic Oscillation (NAO), and El
Niño–Southern Oscillation (ENSO).10
Research in the last decade has ushered in significant improvement in using multi-
proxy data to generate high-resolution reconstructions of large-scale atmospheric cir-
culations over extended period. Our atmospheric circulation data are retrieved from
the homepage of NOAA’s National Climatic Data Centre (NCSC) (http://www.ncdc.
noaa.gov/data-access/paleoclimatology-data/datasets/climate-reconstruction). NCSC15
is one of the largest online climatic information database systems, providing highly re-
liable paleo-climate reconstructions. To match with the PIs (cf. Sect. 2.1), those data
will be transformed into decadal units prior to statistical analysis.
2.3 Wavelet analysis
For climatic systems, transient dynamics appear to be the rule rather than the excep-20
tion in nature, either because climatic processes are influenced by exogenous trends
or because complex endogenous dynamics pre-dominate. This makes it inappropriate
to apply traditional techniques (which make the assumption that the statistical proper-
ties of the time series do not vary with time) to analyze non-stationary time series or
their mutual dependencies. Wavelet analysis is a powerful tool that is already in use25
throughout science and engineering. By performing a local time-scale decomposition of
the signal, wavelet analysis is especially relevant to the analysis of non-stationary sys-
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tems (Torrence and Compo, 1998; Cazelles et al., 2007, 2008). The continuous wavelet
transform decomposes the time series into both time and frequency components, the
calculation of the wavelet power spectrum quantifies in the time-frequency domain the
distribution of the variance of the time series (Grinsted et al., 2004; Cazelles et al.,
2008). Through this approach, we can track how the different scales related to the pe-5
riodic components of the signal change over time (Cazelles et al., 2008; Zhang et al.,
2009). In this study, we employ wavelet coherency to present coherencies between two
time series, in order to identify significant associations between two time series of spe-
cific frequency-time domain in complex systems (Grinsted et al., 2004; Cazelles et al.,
2008). For our analyses, the Morlet wavelet is used to decompose signals, which is re-10
garded as an efficient means of detecting and analyzing curves (Shyu and Sun, 2002),
especially the variations in the periodicities of geophysical signals in a continuous way
along time series (Rigozo et al., 2008). The significance level is set at p < 0.1.
3 Results
3.1 Regional precipitation disparity in NW China15
To start with, we compare the long-term trends (five-order polynomial fit) of the PIGNQR
and the PISha’anxi. Both of them fluctuate in the same manner (Fig. 2a and b), reveal-
ing their synchrony at the multi-centennial to millennial timescales. However, there ex-
ists significant disparity between the two indices at the multi-decadal to centennial
timescales, which is revealed by the RPD (Fig. 2c). The disparity is particularly appar-20
ent in AD600–900 and 1670–1979. We also compare the PIGNQR and the PISha’anxi with
the other precipitation/moisture reconstructions in other parts of NW China, namely Hai
River and Xi’an region (Yan et al., 1993) and Longxi1 (Tan et al., 2008) (Fig. 2d and
e). The two reconstructions are also derived from historical drought/flood records. We
1Longxi includes today’s Lanzhou area, Dingxi area and the close-by Wushan County, Huin-
ing County, Gangu County, and Qin’an County.
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observe that their long-term trends basically match with the ones for the PIGNQR and
the PISha’anxi before AD1670. Yet, the five-order polynomial fits for the reconstructions
of Hai River and Xi’an region and Longxi oppose each other since AD1670, concurring
with the disparity between the PIGNQR and the PISha’anxi in the same period (Fig. 2c).
We further compare the PIGNQR and the PISha’anxi by examining their continuous5
wavelet power spectra and the average wavelet power spectra of their signals (Fig. 3a
and b). We find statistically significant ∼ 30 and ∼ 80 year bands in both of the indices.
But, a ∼ 250 year band (which is nearly statistically significant) can only be perceived
for the PISha’anxi. This marks the discrepancy of precipitation between the two regions.
For the precipitation/moisture of Hai River and Xi’an region and Longxi, they have a sta-10
tistically significant ∼ 30 year band (Fig. 3c and d), which appears similar to the one
found in the PIGNQR and the PISha’anxi. However, there is a nearly statistically significant
∼ 100–150 year band in Hai River and Xi’an regions and Longxi, which differentiates
them from the PIGNQR and the PISha’anxi. It is worth mentioning that the ∼ 150 year band
for Hai River and Xi’an region is different from that for Longxi, a difference revealed by15
their continuous wavelet power spectra (see Appendix). Briefly, despite the presence
of the common statistically significant periodicity (i.e., ∼ 30 year band), the marked dif-
ference of time and frequency domain of the above reconstructions should not be over-
looked, which suggests that regional precipitation disparity is a prominent feature in
NW China. Furthermore, there is not any persistent mode of variability for all of the20
above reconstructions, which highlights the non-stationary nature of the precipitation
in NW China.
We also examine the wavelet coherency between the PIGNQR and the PISha’anxi. Over-
lapped coherency analysis shows that there is significant common mode of oscillation
between the PIGNQR and the PISha’anxi for a limited period of time only. For instance,25
there is a ∼ 150 year band for the period AD580–900 and a ∼ 250 year band for the pe-
riod AD1400–1900, while there is only weak association on high frequency bands (i.e.,
< 100 year) in AD900–1400 (Fig. 3e). It is observed that the shifting of periodicity fol-
lows the alternation of major climatic episodes over the past two millennia, in which the
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periodicity becomes weaker and shorter in warm Medieval Warm Period (MWP, circa
the 9th to 11th centuries) and the Current Warm Period (CWP, circa late-19th century
till now), while the periodicity becomes stronger and longer in cold pre-MWP and the
Little Ice Age (LIA, circa the 14th to 19th centuries). We also compute the phases of
the two time series to obtain information about the possible delay in the coherence. We5
find that the two time series are in phase in the warm periods and out of phase in the
cold periods. Generally, the inter-connection of precipitation change between the two
regions is irregular and non-stationary throughout our study time span, which may be
attributable to long-term hemispheric temperature change.
3.2 Driving forces of the regional precipitation disparity in NW China10
3.2.1 Asian Summer Monsoon
The northern limit of ASM divides our study area into two parts (see Fig. 1). When
ASM is strong, the monsoon precipitation in the area south of the monsoon limit (i.e.,
Sha’anxi and the southeastern part of the GNQR) increases, and vice versa (Tan et al.,
2011b). This mechanism may be responsible for the disparity of precipitation between15
the GNQR and Sha’anxi at the multi-decadal to centennial timescales. Therefore, we
examine the wavelet coherence between the RPD index and Zhang et al.’s (2008)
ASM reconstruction, which is derived from the stalagmite in Wanxiang Cave in Gansu
(Fig. 4a). Three significant periodicities are spotted: a ∼ 80–100 year band in AD580–
1300, a ∼ 150 year band in AD1600–1979, and a ∼ 250 year band in AD1300–1979.20
The above bands are horizontal, reflecting their constancy in the associated periods. It
is worth noting that the regime shift from the shorter to the longer periodicity happens
at around the 13th century – the turn between MWP and LIA.
It has been mentioned that the monsoon record reconstructed from the stalagmite
in Wanxiang Cave might not properly represent the vast area influenced by the ASM25
(Zhang et al., 2010), owing to the susceptibility of each individual site to the influence
of site-specific conditions. Therefore, we compare Zhang et al.’s (2008) ASM recon-
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struction with the one derived from the stalagmite in Dandak Cave in east-central India
spanned AD624–1562 (Berkelhammer et al., 2010). Their continuous wavelet power
spectra are computed (Appendix). A strong ∼ 150 year band in the MWP is spotted for
the two reconstructions. This shared periodicity of signals justifies the representative-
ness of Zhang et al.’s (2008) ASM reconstruction. At the same time, we also examine5
the wavelet coherence between the RPD index and the Berkelhammer et al.’s (2010)
ASM reconstruction (Fig. 4b). We find a ∼ 100 year band for the full length of the time
series, which matches with the ∼ 80–100 year band in AD580–1300 for Zhang et al.’s
(2008) reconstruction (Fig. 4a). At the same time, the similarity of wavelet coherence
between Fig. 4a and b further substantiates the effect of ASM upon the inter-regional10
precipitation variability in NW China.
3.2.2 Other atmospheric circulations
The unique geographic setting of NW China implies that the regional precipitation
variability there can be affected by multiple atmospheric circulations simultaneously
(Fig. 1). Although the coherence between ASM and regional precipitation disparity15
in NW China has been shown in the previous section, we need to test whether the
regional precipitation disparity in NW China is also attributable to other atmospheric
circulations.
We compare our RPD index with winter AO index reconstructed by Chu et al. (2008)2.
There is a significant horizontal ∼ 100 year band in AD900–1400 and a ∼ 300 year band20
in AD1000–1300 (Fig. 5a). It is observed that the above periodicities of signals appear
in MWP and then disappear in LIA. We also compare the RPD index with the PDO index
reconstructed by MacDonald and Case (2005)3. Despite the scattering periodicities
2The index is developed from historical snow anomaly events in Eastern China (25–46◦ N,
100–130◦ E) spanned AD1–1899. The variation of positive/negative abnormal snow events rep-
resents an AO-like atmospheric variability.
3PDO is defined as the time coefficient of the first empirical orthogonal function component
of multi-decadal variability in sea surface temperature anomalies in the extra-tropical North Pa-
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of signals, two significant continuous signals can be found: a ∼ 150–200 year band
in AD1650–1900 and a ∼ 250 year band in AD1400–1550 (Fig. 5b). Seemingly, their
periodicities of signals become stronger and longer in LIA.
Then, we compare the RPD index with the winter NAO index reconstructed by Trouet
et al. (2009)4. There are two significantly strong periodicities of coherence: a ∼ 150–5
200 year band starting from AD1450 and a ∼ 250 year band starting from AD1350,
both of which run till the end of the time series. Long periodicities of coherence have
appeared since LIA, which is similar to the coherence between the RPD index and ASM
(Fig. 4a) and that between the RPD index and PDO (Fig. 5c). Finally, we compare the
RPD index with the latest ENSO index reconstructed by Li et al. (2013)5. We obtain10
a very thick ∼ 220–250 year band for virtually the full length of the time series (Fig. 5d),
representing a very strong association between the regional precipitation disparity in
NW China and the low-frequency oscillation of tropical climate. In addition, their oscil-
lations are coherent in ∼ 120–150 year band in AD1450–1550 and 1800–1900.
In summary, our findings are recapitulated as follows:15
cific. Positive phases of the PDO are typified by warm sea surface temperatures in the north-
eastern Pacific. The index is developed from tree-ring chronologies from California and Alberta
spanned AD993–1996. Those two sites lie at the opposite ends of the PDO precipitation dipole.
4NAO is a climatic phenomenon in the North Atlantic Ocean of fluctuations in the differ-
ence of atmospheric pressure at sea level between the Icelandic Low and Azores High. The
increased pressure difference between the Azores High and Icelandic Low during positive NAO
phase results in enhanced zonal flow. The NAO index is defined as the difference of the arid-
ity threshold proxies between Scotland and Morocco spanned AD1049–1995. These proxy
records are located centrally in the opposing poles of NAO.
5ENSO refers to variations in the sea surface temperature (SST) of the tropical eastern
Pacific Ocean and in air surface pressure in the tropical western Pacific. The two variations
are coupled: the warm oceanic phase, El Niño, accompanies high air surface pressure in the
western Pacific, while the cold phase, La Niña, accompanies low air surface pressure in the
western Pacific. The winter Niño 3.4 index reconstruction is derived from tree-ring chronologies
from Asia, New Zealand, and North and South America spanned AD1301–2005.
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First, there is a discrepancy of precipitation change between the two regions in NW
China (i.e., GNQR and Sha’anxi) in AD580–1979. Also, the inter-connection of precip-
itation change between the two regions is irregular and non-stationary, which may be
attributable to long-term hemispheric temperature change. This highlights the spatial
heterogeneity of hydro-climatic change in NW China.5
Second, there is significant association between the regional precipitation dispar-
ity in NW China (represented by the RPD index) and various modes of atmospheric
circulations such as ASM, AO, PDO, NAO, and ENSO. However, the association is
characterized by a regime shift during the transition period from MWP to LIA, in which
the periodicities of coherence between the RPD index and AO disappear, while the10
periodicities of coherence between the RPD index and other modes of atmospheric
circulations (including ASM, PDO, and NAO) becomes longer. Their similar timing of
the regime shift also echoes with the shifting of coherence periodicities and the switch-
ing of phase difference between the PIGNQR and the PISha’anxi (cf. Sect. 3.1). On the
other hand, it also reveals the coupling among AO, PDO, and NAO as mentioned by15
Chu et al. (2008). As the first data point of Li et al.’s (2013) ENSO reconstruction starts
in AD1301, we cannot show whether the regime shift also applies to the coherence
between the RPD index and ENSO.
Third, although various atmospheric circulations are found to be correlated with the
inter-regional precipitation variability in NW China, the low-frequency cycle of ENSO20
is found to be the most prominent pacemaker of regional precipitation disparity in NW
China at the multi-decadal to centennial timescales, which is also the first-ever piece
of empirical evidence about their long-term relationship.
4 Discussion
Our reconstruction quantitatively extends the precipitation history of the GNQR and25
Sha’anxi back to AD580, providing a longer record to evaluate inter-regional moisture
variability. Based on meteorological records, previous studies have classified western
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and eastern NW China as two different climatic regions (Shi et al., 2007; Qian and
Qin, 2008). Our results show that there is significant precipitation disparity between the
GNQR and Sha’anxi over extended period. In addition, the inter-connection of precip-
itation change between the two macro regions is weak and non-stationary. It is worth
mentioning that the two regions are located in the eastern part of NW China. Given5
the above findings, it may be necessary to further divide eastern NW China into two
different climatic sub-regions.
The regime shifts for the coherence between PIGNQR and PISha’anxi and between
RPD index and various modes of atmospheric circulations reveals that long-term hemi-
spheric temperature change may be an imperative factor in modulating the connection10
between atmospheric circulations and the regional precipitation disparity in NW China
at multi-decadal to centennial timescales. Hemispheric temperature affects the hydro-
climate in NW China through the influence on the strength and the relative positions of
ASM and Westerlies. Since oceanic and terrestrial heat capacity is different, when tem-
perature increases, the temperature of land increases quickly. The Tibetan Plateau fur-15
ther magnifies the thermal contrast between the Asian continent and the North Pacific.
As a result, the lower-troposphere low-pressure system over eastern Asia strengthens,
and the western Pacific sub-tropical high strengthens with its location shifting north-
ward. In consequence, the ASM is strengthened and the Winter Monsoon is weakened,
which causes the north edge of ASM to shift northward. At the same time, the increase20
of temperature forces the Westerlies to move northward and hence, ASM moves north-
ward into the northwest interior and brings rainfall there. In contrast, when temperature
decreases, the temperature of land decreases quickly, the Winter Monsoon is strength-
ened, ASM is weakened, and the north edge of ASM and Westerlies move southward
synchronously, causing a decrease in the precipitation of NW China (Tan et al., 2011b,25
2008). The effect of other atmospheric circulations upon the hydro-climate in NW China
is also contingent upon the relative strength of ASM and Westerlies (Lee and Zhang,
2010, 2011; Yu et al., 2006). This amplifies the hydro-climatic influence of long-term
hemispheric temperature fluctuation in NW China.
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The long-term hydro-climatic influence of various atmospheric circulations upon dif-
ferent localities of NW China has been mentioned in previous paleo-climate studies
(Lee and Zhang, 2011, 2010; Tan et al., 2008, 2011b; Li et al., 2006, 2007; Fang et al.,
2009b, a, 2012; Cai et al., 2010). Yet, those studies cannot definitely answer which
atmospheric circulation is the most influential force in driving the regional precipitation5
disparity in NW China. Via systematic comparison, our results show that out of various
atmospheric circulations, ENSO is the most prominent pacemaker of inter-regional pre-
cipitation disparity in NWChina on the multi-decadal to centennial timescales. Although
recent paleo-climate studies also highlight the tele-connection between ENSO activi-
ties and precipitation anomalies at individual sites in NW China on the inter-annual10
to decadal timescales (Li et al., 2007; Fang et al., 2009b, a, 2012; Li et al., 2006),
we further show that ENSO can drive the regional precipitation disparity in NW China
on the multi-decadal to centennial timescales. This further substantiates that the tele-
connection is a consistent feature inherent to the climatic regime in NW China. The
tele-connection can be traced back at least to the early 14th century.15
It is worth mentioning that although ENSO events occur at a frequency of 2–10 years,
the QN chronology (Quinn and Neal, 1992) spanned AD1525–1987 reveals that El Niño
phenomena had occurred throughout the Spanish colonization in Latin America with
low variation frequency. In addition, multi-decadal to centennial association between
El Niño and the net accumulation of ice at Guliya ice core in the Tibetan Plateau was20
also observed (Yang et al., 2000). Furthermore, it is proposed that the millennial-scale
Holocene climate variability in NW China is linked to ENSO dynamics (Yu et al., 2006).
Hence, the tele-connection between ENSO activities and precipitation change in NW
China may not be only valid on the inter-annual to decadal timescales.
Concerning the possible mechanism linking ENSO and precipitation anomalies in25
NW China, Wang and Li (1990) note that when sea surface temperature in the equato-
rial eastern Pacific becomes warmer during El Niño years, the meridional temperature
gradient will become larger, thus implying a stronger Hadley cell. A stronger Hadley cir-
culation will induce a stronger intensity of the western Pacific sub-tropical high, which
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together with a westward shift of the location of the sub-tropical high can lead to a de-
crease in the extent of the northern latitude of ASM and result in a decrease of the
precipitation in the semi-arid region of northern China. The effect will be more apparent
in the southern part of the semi-arid region because it is subject more to the influence
of ASM than the northern part, which is also revealed by other related studies based5
on instrumental records (Xu et al., 2007; Su and Wang, 2007; Li et al., 2000). The
above mechanism may explain the regional precipitation disparity of our study area.
However, as Wang and Li’s (1990) study is based on instrumental records, the above
mechanism can only be taken as valid on the inter-annual timescale over the past few
decades. On longer timescales and over extended periods, there could be a regime10
shift for the coupling of ASM and ENSO and hence, a different mechanism responsible
for the tele-connection between ENSO and inter-regional precipitation variability in NW
China. The present study may provide a starting point for further investigation.
Finally, a strong ∼ 80–100 year band appears in the coherence between the RPD
index and various modes of atmospheric circulation (ASM, PDO, NAO, and ENSO) in15
the 20th century6 (Figs. 4a and 5b–d). The twentieth century is characterized by rising
temperature. The appearance of ∼ 80–100 year periodicity may imply a regime shift of
the coherence for the transition from LIA to CWP, just like the one during the transition
from MWP to LIA. However, as the year band is below the cone of influence7, this
should be interpreted with caution.20
6As the last data point of Chu et al.’s (2008) winter AO reconstruction ends in AD1899, we
cannot tell whether the same phenomenon applies to the coherence between the RPD index
and AO.
7As wavelet gets closer to the edge to time series, part of it exceeds the edge and thus
the values of the wavelet transform are affected by the zeros introduced creating the boundary
effect. Further, the affected region increases in extent as the scale of the wavelet increases.
This zone where edge effects are present is called the “cone of influence” (see Torrence and
Campo, 1998).
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5 Conclusions
Since the AD1980s, average global temperature has continued to rise. The warmth
is unprecedented over the past two millennia (Mann and Jones, 2003; Moberg et al.,
2005), resulting in a more vigorous hydrological cycle (Su and Wang, 2007). Owing to
the interplay of the East Asian Summer Monsoon with the Westerlies at the northern5
boundary of the ASM limit, variations in the aridity threshold regime triggered by atmo-
spheric circulation changes will be more pronounced in NW China than in other mon-
soon regions (Lee and Zhang, 2010). The spatial heterogeneity of climatic regimes in
NW China in recent decades should be thoroughly investigated (e.g., Shi et al., 2007).
In the present study, we apply wavelet analysis to examine the long-term regional10
precipitation disparity in NW China in AD580–1979 and examine the major driving
forces behind it. Our method is notably free from the assumption of stationarity, help-
ing us to interpret multi-scale, non-stationary time-series data and reveal features we
could not see otherwise. This is critically important in examining how gradual change
is forced by exogenous variables (Cazelles et al., 2008, 2007). We make a pioneering15
effort to examine quantitatively, and also present fine-grained picture, about the long-
term regional precipitation disparity in NW China. Admittedly, our results are based on
only two macro regions in NW China (i.e., GNQR and Sha’anxi). It is necessary for
us to further expand the spatial coverage of our historical datasets to investigate the
regional precipitation disparity across the entire NW China over an extended timespan.20
These efforts may help us to better understand problems such as the differential trends
of hydro-climatic changes in the eastern and western parts of NW China since the
AD1980s (Li et al., 2007; Shi et al., 2007). Further, the associated findings may have
important implications for water resource management in NW China in the near future.
The Supplement related to this article is available online at25
doi:10.5194/cpd-10-3097-2014-supplement.
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Figure 1. Map showing the location and the physical setting of our study area. Our study area
includes two macro regions in NW China, namely (A) GNQR and (B) Sha’anxi, which are
highlighted in gray. Arrows represent ASM (including East Asian Summer Monsoon and Indian
Summer Monsoon), Westerlies, and Winter Monsoon. Dotted line illustrates the approximate
present-day northern limit of ASM.
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Figure 2. Precipitation/moisture reconstructions of NW China. In this study, we base on histor-
ical flood and drought records to reconstruct (A) PIGNQR, (B) PISha’anxi, and (C) RPD. They are
spanned AD580–1979 (see Sect. 2.1). We also include the precipitation/moisture reconstruc-
tions of (D) Hai River and Xi’an region (Yan et al., 1993) and (E) Longxi (Tan et al., 2008), which
are also based on historical flood and drought records, for comparison. For (E), higher value
means less precipitation. Its y-axis is inverted to facilitate comparison. Grey dashed lines rep-
resent the long-term trends (five-order polynomial fit) of the precipitation/moisture reconstruc-
tions; grey-shaded areas represent the periods with apparent regional precipitation disparity.
All of the above indices are in decadal units.
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Figure 3. Wavelet analysis of various precipitation/moisture reconstructions of NW China: (A)
PIGNQR, (B) PISha’anxi, (C)Hai River and Xi’an region (Yan et al., 1993), and (D) Longxi (Tan et al.,
2008). For the left graphs of (A) to (D), continuous wavelet power spectra of the reconstructions
are shown. The color code for power values varies from dark blue (low values) to dark red
(high values) and the white curve indicates the cone of influence that delimits the region not
influenced by edge effects. For the right graphs of (A) to (D), the average wavelet power spectra
of the reconstructions are presented. The dashed lines show the α = 5% significance levels
computed based on 1000 Markov bootstrapped series. P values associated with the values
within the region delineated by the dashed line are less than 5%. The wavelet coherency
between PIGNQR and PISha’anxi is shown in (E). For the upper-left graph of (E), the color code
for coherence values varies from dark blue (low values) to dark red (high values). The white
curve indicates the cone of influence that delimits the region not influenced by edge effects
and the dashed line show the α = 10% significance levels computed based on 1000 Markov
bootstrapped series. For the lower-left graph of (E), the dotted lines represent phase difference;
the red line represents the phase of PIGNQR; and the blue lines represent the phase of PISha’anxi.
For the lower-right graph of (E), the distribution of the phase difference of PIGNQR and PISha’anxi
is shown.
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Figure 4.Wavelet coherency between RPD and ASM reconstructions by (A) Zhang et al. (2008)
and (B) Berkelhammer et al. (2010), respectively. For the upper-left graphs of (A) and (B), the
color code for coherence values varies from dark blue (low values) to dark red (high values).
The white curve indicates the cone of influence that delimits the region not influenced by edge
effects and the dashed line show the α = 10% significance levels computed based on 1000
Markov bootstrapped series. For the lower-left graphs of (A) and (B), the dotted lines represent
phase difference; the red line represents the phase of the atmospheric circulation considered;
and the blue lines represent the phase of RPD. For the lower-right graph of (A) and (B), the
distribution of the phase difference of the two considered time series is shown.
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Fig. 5. 665 
  666 Figure 5.Wavelet coherency between RPD and (A) AO (Chu et al., 2008), (B) PDO (MacDon-
ald and Case, 2005), (C) NAO (Trouet et al., 2009), and (D) ENSO (Li et al., 2013), respectively.
For the upper-left graphs of (A) to (D), the color code for coherence values varies from dark
blue (low values) to dark red (high values). The white curve indicates the cone of influence that
delimits the region not influenced by edge effects and the dashed line show the α = 10% signif-
icance levels computed based on 1000 Markov bootstrapped series. For the lower-left graphs
of (A) to (D), the dotted lines represent phase difference; the red line represents the phase of
the atmospheric circulation considered; and the blue lines represent the phase of RPD. For the
lower-right graph of (A) to (D), the distribution of the phase difference of the two considered
time series is shown.
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Figure A1. Continuous wavelet power spectra and the average wavelet power spectra of (A)
Zhang et al.’s (2008) and (B) Berkelhammer et al.’s (2010) ASM reconstruction, respectively.
For the left graphs of (A) and (B), continuous wavelet power spectra of the reconstructions
are shown. The color code for power values varies from dark blue (low values) to dark red
(high values) and the white curve indicates the cone of influence that delimits the region not
influenced by edge effects. For the right graphs of (A) and (B), the average wavelet power
spectra of the reconstructions are presented. The dashed lines show the α = 5% significance
levels computed based on 1000 Markov bootstrapped series. P values associated with the
values within the region delineated by the dashed line are less than 5%.
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